Abstract. We have measured 3He/4He ratios and He and Ne concentrations on a suite of 24 basalt glasses from the neovolcanic
Introduction
The discovery of 3He-enriched primordial helium in deep Pacific Ocean waters and in the glassy rinds of mid-ocean ridge pillow basalts confirmed that juvenile volatiles trapped in the Earth's interior are leaking into the oceans and atmosphere at active plate boundaries and hotspots [see Lupton, 1983, and references therein]. Helium isotope ratios, like Sr and Nd isotopes, are quite distinct for mid-ocean ridge basalts (MORBs) versus ocean island basalts (OIBs). Helium isotope variations require at least three distinct mantle components [Kurz etal ., l982a; Lupton, 1983] : the MORB component with 3He/4He = 6-9 RA (RA = the atmospheric ratio of 1.39 x 10.6), a 3He-enriched mantle OIB component (10.30 RA) , and a low-3He OIB component (5) (6) (7) .
Although an earlier viewpoint was that helium isotope ratios in MORBs were fairly uniform, several studies have revealed considerable 3He/4He variation in basalts along some parts of the mid-ocean ridge system. Most of these previous studies have focussed on large-scale regional variations or on hotspot -ridgecrest interaction. The one detailed study of i-are gases along a short segment of the Mid-Atlantic Ridge at 14N [Staudacher etal., 1989] found variations of 20% in the 3He/41-le ratio. Here we report helium isotope results for a detailed survey along 350 km of the Juan de Fuca Ridge in the northeast Pacific. We show that the 3He/4He ratios are related to geographic position along the JdFR axis, probably due to variations in the mantle source, and that the fine-scale structure in 3He/4He in this region may be related to systematic changes in melting dynamics of heterogeneous upper mantle. One of the major topographic features of the JdFR is Axial Seamount, an active volcano which sits astride the ridge axis at latitude 46'N and stands some 800 m above the 2300-rn average depth of the JdFR axis. Axial Seamount is located very near the geometric intersection of the Cobb-Eickelberg seamount chain with the ridge axis, and is thought to be the youngest volcano in this chain produced by the so-called Cobb hotspot [Delaney et al., 1981] . However, geochemical studies of JdFR basalts including samples from the summit of Axial Seamount do not support a hotspot or mantle plume origin for the volcano. Fresh, zero-age basalts are found along most of the JdFR axis and are generally Fe and Ti enriched, with higher Fe-Ti concentrations occurring in association with propagating rifts at the JdFR-Blanco Transform intersection and along the Cobb Segment near the Cobb Offset [Delaney etal., 1981] . Major elements, trace elements, and Sr isotopes exhibit measurable variation along the JdFR axis [Eaby et al., 1984; Rhodes et al., 1990; Desonie and Duncan, 1990] . However, in contrast to what would be expected for an enriched or mantle plume source, the Pb-Sr-Nd isotopic characteristics of Axial Seamount and Cobb hotspot basalts cannot be readily distinguished from the general JdFR MORB field [Eaby et al., 1984; Hegner and Tatsurnoto, 1989; Desonie and Duncan, 19901. On the other hand. Axial Seamount lavas do display subtle differences in major element chemistry relative to those on adjoining ridge segments. Thus Axial Seamount appears to be the locus of excess magma generation along the ridge axis rather than a geochemically distinct OIB-type mantle plume [Rhodes et al., 1990] . As we discuss below, while helium isotope measurements should be another sensitive indicator of a plume or hotspot component, we again find no evidence for a distinct source beneath Axial Seam ount.
Sampling and Analytical Methods
With the exception of three samples collected with the DSRV ALVIN during the 1991 NOAAIPMEL dive series on the JdFR, all of the samples for this study were acquired by dredging from surface ships during 4 different expeditions (R/V T.G Thompson, T'F-l52 in 1980, T1 '-l70 in 1982 '-l70 in , TT-175 in 1983 . and cruise 81-017 of the RJV Hudson, 1981) . Most of the samples used in the present study arc a subset of those analyzed by Eaby et al. [1984] for strontium isotopes. The three ALVIN samples are from a group of pillow mounds on the Cleft Segment which appear to have erupted between 1981 and 1987 [Chadwick etal., 1991; Embleyetal., 1991] .
Fresh glass chips 1-5 mm in size were prepared and analyzed following established procedures [Graham et al., 1990] . Helium isotope ratios and He and Ne concentrations were determined on two different mass spectrometer systems: one at tile Scripps Institution of Oceanography and another at U.C. Santa Barbara (UCSB). In 1991 the !.JCSB instrument was moved to the NOAA/PMEL facility at Newport. Oregon. As indicated by five replicate analyses of sample TT152-37-1 (Table 1) . the results from the three different laboratories agree within analytical precision. In every case the gases were released from the basalt glass samples by in vacuo crushing. He/Ne ratios were determined to about 10% by voltage switching. The 2 precision for 3He/4He determinations is about 1.2% for the SlO instrument and about 0.6% for the UCSB-NOAA spectrometer system.
Results and Discussion
We measured helium isotope ratios on 24 distinct samples spanning the JdFR axis from latitude 4437.1 'N near the Blanco Fracture Zone up to 48'l.3'N on the Endeavour Segment. The average spacing between samples is about 30 km. Figure 1 shows the helium isotope ratios (R/RA) and sample locations vs. latitude.
The helium isotope results are also listed in Table 1 . For the purposes of this discussion, we have grouped our samples into four broad geographic regions along the JdFR: south rift (including the Cleft and Vance segments). Axial Seamounl, north rift (Cobb Segment), and Endeavour Ridge.
As shown in Figure 1 , there is a smooth geographical variation in the basaltic 3Hc/4He ratio along the JdFR axis. Samples from the south rift have relatively uniform 3He/4He ratios of 7.75-7.93 RA. The three ALVIN samples collected from the youngest lavas along the Cleft Segment have ratios of 7.85 RA. similar to the dredged basalts recovered along the south rift. Thus the basalts from the southern JdFR all appear to be derived from a similar mantle source, as suggested previously [Eaby etal., 1984) . The 3He/4He ratios increase to the north as one approaches and crosses over the summit of Axial Seamount, reaching a value of 8.36 RA at the summit. However, the ratios continue to increase to the north along the northern rift or Cobb Segment. reaching a maximum of 8.8 RA at latitude 4652'N. As the ridge begins to deepen toward the Cobb Offset the 3He/4He ratio again decreases to values as low as 7.9 RA.
It should be emphasized that although we have observed a very clear variation of over 12% in 3Hel4He related to location along the JdFR. all of these helium isotope ratios are within the normal range of variation for MORBs. Thus it is not necessary to invoke the presence of a hotspot or OtB component in order to explain the observed variation in 3He/4He in JdFR basalts. The strong dependence of 3He/4He on latitude along the ridge suggests that the observed helium isotope variations reflect fundamental heterogeneities in the upper mantle beneath the ridge.
Furthermore, it is clear from the results displayed in Figure I that Axial Seamount does not have a helium isotope signature which is distinct from other basalts along the JdFR axis. This confirms that, while Axial Seamount clearly represents the site of excess magma generation, it does not have a distinct geochemical signature.
L.00king in detail at the Cobb Offset, the two samples closest to the Cobb Segment and Endeavour Segment rift tips have slightly lower 3He/4He ratios than samples more distant from the propagating rift tip. For example. TT17O-78D, which was collected just to the west of the very tip of the axial magnetic high, has a lower 3He/4He 7.9 R, than other samples from the Cobb Segment which average about 8.4-8.6 RA (Fig. 1) . Similarly. HU81-017-11. which is the southernmost sample from the Endeavour Segment, has a ratio of 8.0 RA, similar to that measured for TT17O-78D and lower than the other Endeavour Ridge samples which have ratios of 8.17-8.25 RA. This apparent negative correlation of 3Het8He with proximity to the Cobb propagator rift tips suggests that the helium isotope ratios may be affected to some degree by the same processes responsible for the Fe-Ti There are systematic variations between helium isotopes and other geochemical parameters along the JdFR which are also dependent on geographic location. Figure 2A shows that there is a good overall negative covanation of 3He/4He with lSr/E6Sr. The northern rift (Cobb Segment) has slightly more depleted 87Srfl6Sr for the samples studied here and also slightly higher 3He/4He ratios, compared to the southern rift samples which are slightly more radiogenic in both He and Sr isotopes. This negative correlation between He and Sr isotopes is similar to that observed for large portions of the Mid-Atlantic Ridge away from the influence of high 3He holspots [Kur: et al., 1982b; Graham et al., 1992] . The He and Sr isotope ratios for the northern rift are approaching those found in basalts from 2-7'S on the Mid-Atlantic Ridge, which collectively have the most depleted He, Sr. and Pb isotope compositions found in MORB [Graham etal., 1992] . There also appears to be some control on the 3He/4He in LIIFR basa]ts by the dynamics of melting in the underlying mantle. is calculated according to the methods of Klein and Langmuir [19871. Along the south rift ot' the JdFR 3He/4He ratios are constant at -7.85 RA, arid there is no covariation between 3Het1He and Fe80. However, to the north there is an increase in 3He/4He with increasing Fe80. This trend includes the Endeavour Ridge EMORBs with lower 3He/4He and Fe80, and samples from the northern section of Axial Seamount. The one exception to this trend is sample TT'l70-78D which is from the very tip of the JdFR at the Cobb Offset. A similar, but negative correlation and with slightly more scatter is also observed between 3He/4He and Nag0 (not shown).
A positive correlation between 3He/4He and Fe80 such as we have observed north of Axial Seamount might be expected on the basis of the simple melting column model of Klein and Langrnuir [l987L In this model, Fe80 may be taken as an indicator of the average depth of melting for accumulated melts. Upwelling mantle with an initial temperature above that of average mantle wilt intersect its solidus slightly deeper and produce melts which have a slightly higher Fe30 and tower Na80 (compared to average mantle), because it will melt over a larger depth interval and to a S10-Scripps Institution of Oceanography, l.JCSB-t.Jniversity of California at Santa Barbara, HMSC-Hatfield Marine Science Center All analyses were performed by crushing in vacuo. 2c uncertainties in 3He/4He ratio, computed as the quadrature sum of in-mn statistical errors pLus uncertainties in air standard and blank analyses, are ±0.10 RA for SIC) and ±0.05 RA for others. somewhat larger extent. U and Tb in peridotite is primarily Located in clinopyroxene [LaTourette and Burnett, 1992] , and consequently this is where a substantial portion of upper mantle radiogenic He will be located. Clinopyroxene will contribute a relatively smaller proportion to melts formed by larger extents of non-modal melting than to melts formed by smaller extents of melting [e.g., Kinder and Grove, 1992] . Assuming that JdFR basalts are the result of partial melting of upper mantle peridotite which is chemically and isotopically heterogeneous [Zinc//er et aL, 1984] , then hotter mantle will melt to a larger extent and produce parental magmas which have incorporated proportionately less clinopyroxene, and thus may have lower Na80, higher Fe80, and slightly higher 3He/4He.
Summary and Conclusions
In summary, we have observed rather large (-12%) variations in 3He/'He ratios in basalts collected along the rift axis of the JdFR. The 3He/4He ratios vary smoothly with location along the .JdFR. are negatively correlated with t7Sr/'6Sr, and uncorrelated with Fe-Ti enrichment. For these reasons we attribute most of the observed variations in 3He/91e to basic heterogeneity in the mantle source region beneath the ridge rather than to any shallow process involving the ridge-crest magma chamber. The lack of any distinct shift in 3He/4He at Axial Seamount confirms that the seamount does not have an OIB geochemical signature. The fact that 3He/'4He is correlated with Fe80 for part of our sample set suggests that melting dynamics of heterogeneous mantle may play a role in controlling the helium isotope ratios in mid-ocean ridge lavas.
Future detailed studies of helium isotope variations along petrologically well-characterized segments of the mid-ocean ridge system will provide additional tests of these ideas.
Christie, D.M., and J.M. Sinton, Evolution of abyssal lavas along propagating segments of the Galapagos Spreading Center. Earth A Planet. Sc!. Lert. 56, 321-335, 1981. . . Delaney 
